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1. INTRODUCTION 
According to modern concepts in protein bio- 
synthesis, 3 forms of specific tRNA (aminoacyl-, 
peptidyl- and deacylated) participate in each cycle 
of the elongation process. To investigate, in in vitro 
model systems, some important problems, such as 
the mechanisms of translocation and selection of 
aa-tRNA, architecture of ribosomal sites, it is quite 
necessary to know how many sites on the ribosome 
are available for different forms of tRNA, and 
what are the thermodynamic and kinetic charac- 
teristics of interaction of each form of tRNA with 
these sites? 
In recent years, many efforts have been made to 
answer these questions but the published data are, 
to a great extent, contradictory (see [ 11). In particu- 
lar, the following results were obtained for Ac- 
Phe-tRNAPhe, the simplest analogue of peptidyl- 
tRNA. Up to 1.5 peptidyl-tRNAs/ribosome were 
found at 20 mM [Mg2+] (ribosomes were estim- 
ated to be 70% active) [2]. In [3],2 molecules of Ac- 
Phe-tRNAPhe bound simultaneously per ribosome, 
but only at ~20-25 mM [Mg2+]. Similar results 
were obtained in [4] for another analogue of pep- 
tidyl-tRNA, Phe-Lac-tRNAPhe. However, an ‘ex- 
clusion principle’ for Ac-Phe-tRNAPhe was postu- 
lated in [S]: whenever a ribosome has an Ac-Phe- 
tRNAPhe molecule bound to either the A or the D 
site, a second Ac-Phe-tRNAPhe molecule cannot 
bind to the ribosome. 
ribosomes 100% active in the binding test, we con- 
firm and extend our data [2] that: 
(i) Escherichia coli ribosome can bind simul- 
taneously 2 molecules of Ac-Phe-tRNAPhe, the 
affinity of the latter being 20-50-fold higher 
for the D, than for the A site; 
(ii) The stoichiometry of saturating binding equal 
to 2 does not depend on [Mg2+], but the af- 
finity constants for both sites strongly decrease, 
when [Mg2+] is lowered. 
An analogous situation was also found earlier 
for Phe-tRNAPhe (6-81. It means that simple acet- 
ylation of a free a-NH2 group in an aminoacyl- 
tRNA molecule does not lead to a dramatic dif- 
ference in binding properties of both forms of 
tRNAPhe with respect to a vacant 70 S l poly(U) 
complex. This can be explained, if we assume that 
the peptidyl- or aminoacyl-residues attached to the 
3’-terminus of the tRNAPhe molecule, do not con- 
tribute significantly to the total free energy of 
tRNA - ribosome interaction. 
2. MATERIALS AND METHODS 
70 S ribosomes were obtained by re-association 
of 30 S and 50 S subunits which were isolated as in 
[9]. These ribosomes have, according to our stan- 
dard test, 100% functionally active D and A sites, 
because: 
(i) Two molecules of Phe-tRNAPhe can be bound 
per ribosome; 
These conflicting data induced us to re-investi- 
gate the problem of Ac-Phe-tRNAPhe interaction 
with poly(U)-programmed ribosomes. Here, using 
(ii) Under these conditions, (Phch-tRNAPhe is syn- 
thesized at all ribosomes [S]. 
Enriched Ac-[W]Phe-tRNAPhe was prepared 
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from [ 14C]Phe-tRNAPhe (1500 pmol/&jO unit) ac- 
cording to [lo] followed by additional purification 
on BD-cellulose. This procedure guarantees the 
absence of any admixture of specific deacylated 
tRNAPhe. 
In all experiments, incubation mixtures con- 
tained in 110 pl buffer I (0.02 M Tris-HCl 
(pH 7.4); 0.2 M NI&Cl): 10 pmol 30 S subunits, 
12 pmol 50 S subunits, 10 pg fractionated poly(U) 
(M, 30 000) and variable amounts of Ac-Phe- 
tRNAPhe. [Mg2+], as well as some other experi- 
mental conditions, are specified in legends to fig- 
ures. 9, vD and V* numbers of peptidyl-tRNA 
molecules bound/ribosome on its D and A sites, 
respectively. e and Kt are association constants 
of peptidyl-tRNA for the D and A sites. ~1 values 
were measured by the nitrocellulose filter tech- 
nique [ 111. Background binding of AC-[ 14C]Phe- 
tRNAPhe (without ribosomes) was equal to 1.5% 
and subtracted before calculating the experimental 
data. Tetracycline and puromycin (Serva, FRG) 
were used, where indicated, at final concentrations 
of 3 x 1O-5 and 3 x 1O-4 M, respectively. 
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Fig. I. (A) Titration of 70 S * poly(U) complex with Ac- 
Phe-tRNAPhe. Incubation mixtures (section 2) contained 
in buffer I (15 mM [Mg2+]) 4-120 pmol Ac-[i4C]Phe- 
tRNAPhe. After 2 h incubation at 25”C, VX values were 
measured; (B) As in (A), but in inverse coordinates (C, 
the concentration of free Ac-[14C]Phe-tRNAPhe in solu- 
tion); (C) A plot of l/vA vs l/C. 
3. RESULTS 
Fig.lA demonstrates that, at 15 mM [Mg2+] and 
25”C, each ribosome can bind exactly 2 molecules 
of Ac-Phe-tRNAPhe. It is worth noting that the 
same stoichiometry of binding was observed for 
aminoacyl-tRNA also [6,8]. The binding curve, in 
inverse coordinates (-O-, fig. 1 B) can be readily rep- 
resented as a superposition of 2 binding isotherms 
(-, fig.lB,C). The more stable binding is realized 
at low concentrations of peptidyl-tRNA and takes 
place at the D site [2]. The slope of the correspond- 
ing straight line (-, fig.lB) gives J$ = 4X 108 
M-1. At higher concentrations of Ac-Phe- 
tRNAPhe, a second site in the ribosome begins to 
fill, but the affinity constant, K$ at 2 X 107 M-1 is 
much lower (fig. 1C). We ascribe this weak binding 
to the A site. However, as far as a simultaneous 
binding of 2 Ac-Phe-tRNAPhe molecules/ribo- 
some is questionable now [5], at least at [Mg2+]< 
20-25 mM 131, we demonstrate below, by using 
tetracycline and puromycin, that 2 separate sites 
for Ac-Phe-tRNAPhe are well discriminated by 
these antibiotics; i.e., they are the familiar D and 
A sites. 
minutes 
Fig.2. Kinetics of Ac-Phe-tRNAPhe binding and puro- 
mycin reaction. Incubation mixtures (15 mM [Mgz+]) 
contained 8.5 (-A-) or 30.5 (-O-) pmol Ac-[‘4C]Phe- 
tRNAPhe. Analogous two series of mixtures contained 
additionally tetracycline (-A- and -a-, respectively). After 
2 h incubation at 25”C, when the equilibrium binding 
was attained in all cases, puromycin was added to the 
mixtures without tetracycline, and the kinetics of Ac- 
[14C]Phe-puromycin formation was measured both at 
low (-•-) and high (-W) content of Ac-[14C]Phe- 
In fig.2 we see the kinetics of Ac-Phe-tRNAPhe tRNAPhe. 
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Fig.3. The yield of Ac-Phe-puromycin as a function of 
the initial Ac-Phe-tRNAPhe/70 S’ ratio. Incubation mix- 
tures (15 mM [M$+]) contained 4-200 pmol AC-[t%]- 
Phe-tRNAPhe in the absence (-O-) or in the presence (-•-) 
of a 30% admixture of deacylated tRNAPhe. After 2 h 
incubation at 25°C V’ values were determined. Then 
puromycin was added to 2 analogous series of mixtures, 
and after 10 min additional incubation at 25°C the 
yield of Ac-[t%]Phe-puromycin was measured in the 
absence (-A-) and in the presence (-A-) of tRNAPhe. 
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Fig.4. (A).Titration of 70 S * poly(U) complex with Ac- 
Phe-tRNAPhe at 12.5 mM (-•-) and 10 mM [M 2+] 
B (-o-) (in inverse coordinates). (B) The plots of log K, vs 
log [Mg2+] (-O-) and log K,” vs log [Mg2+] (-a-). The 
data for 15 mM [Mg2+] are taken from fig.1; the data 
for 17.5 mM and 20 mM [Mg2+] are not shown. All the 
experiments were made at 25°C. 
binding. In a control experiment, when the ribo- 
somes are in excess and only the D-site binding is 
expected to occur, tetracycline, indeed, has no 
effect on the binding (cf. -a-, -A-), and almost all 
Ac-Phe-tRNAPhe bound reacts with puromycin 
during 10 min (-•-). However, if the concentration 
of peptidyl-tRNA is sufficient to saturate both sites 
(-0-), tetracycline inhibits significantly, but not en- 
tirely, the binding of a second Ac-Phe-tRNAPhe 
molecule (-•-). Such a mode of action of 
tetracycline (a decrease of the affinity constant by 
approx. one order of magnitude) is typical for A- 
site binding, if the latter is reversible [8]. Exactly 
one molecule of Ac-Phe-tRNAPhe reacts with 
puromycin, obviously, that bound to the D site, 
but it takes much more time (30 min instead of 
10 min, cf. -m-, -n-). 
Fig.3 shows the yield of Ac-Phe-puromycin 
formed as a function of the initial Ac-Phe- 
tRNAPhe/70 S ratio. We see, again, that all pep- 
tidyl-tRNA is reactive with puromycin, if the ribo- 
somes are in excess (-A-, low inputs of Ac-Phe- 
tRNAPhe). Then the curve reaches a maximal val- 
ue and, as the A sites begin to fill, the amount of 
Ac-Phe-puromycin rapidly decreases. We obtained 
a result similar to that in [S], but it cannot be ex- 
plained by the influence of deacylated tRNAPhe 
on the redistribution of Ac-Phe-tRNAPhe between 
the D and A sites, because: 
(i) tRNAPhe is absent in our preparation of Ac- 
Phe-tRNAPhe (see section 2); 
(ii) In a control experiment, Jo tends to 2 (-0-). 
We propose, as in [2], another explanation of 
this unusual result. After saturation of the D sites, 
Ac-Phe-tRNAPhe occupies the A sites; the latter 
hampers the interaction of puromycin with the ac- 
ceptor site of peptidyl-transferase and, as a con- 
sequence, leads to the progressive deceleration of 
Ac-Phe-puromycin formation (-a-, fig.2). The 
higher the initial Ac-Phe-tRNAPhe/70 S ratio, the 
lower will be the yield of Ac-Phe-puromycin ob- 
tained, if the puromycin reaction is time-limited 
(10 min, as in tig.3). A strong inhibitory effect of 
Ac-Phe-tRNAPhe, located at the A site, on the 
puromycin reaction, was observed in 1121. The 
presence of a 30% admixture of deacylated 
tRNAPhe inhibits appreciably the binding of Ac- 
Phe-tRNAPhe, obviously to the D site [ 131 (AvD = 
0.4; -.-, tig.3). A reduced yield of Ac-Phe-puro- 
mycin (cf. -a-, -A-) can be explained in this case by 
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a secondary effect of tRNAPhe on the redistribu- 
tion of Ac-Phe-tRNAPhe in favour of free A sites. 
Thus, our data demonstrate, that the ‘exclusion 
principle’ for Ac-Phe-tRNAPhe, postulated in 151, 
does not operate in ribosomes. Three main circum- 
stances may lead to formulation of the ‘exclusion 
principle’: 
(i) Inaccurate estimation of the portion of active 
ribosomes; 
(ii) The presence of deacylated tRNAPhe; 
(iii) Incorrect interpretation of the puromycin re- 
action data. 
All the experiments hown above were made at 
15 mM [M$+]. The decrease of [M$+] does not 
change the stoichiometry of the saturating binding 
(fig.4A) but affects strongly the affinity constants 
for both sites. A sum plot of log Ka w log [Mg2+] 
is shown in tig.4B. We see that the change of 
[Mg2+] from 20-10 mM leads to a decrease in fl 
from 1.4~ 109 M-1 to 7.5~ 10’ M-l, and in Kt 
from 6x 107 M-l to 1.5 x 106 M-t. These strong 
dependences can explain the results in 131, who 
were able to observe the binding of 2 peptidyl- 
tRNA molecules/ribosome only at [Mg2+] 
> 20 mM, when operating with fixed concentra- 
tions of Ac-Phe-tRNAPhe. 
Finally, the extrapolation of the straight lines 
(tig.4B) to a lower [Mg2+] allows one to predict 
that, for instance, at 5 mM [Mg2+] and 25°C Ac- 
Phe-tRNAPhe will bind to the D site only, due to a 
very low Kt value (< 105 M-l) under these condi- 
tions. 
4. CONCLUDING REMARKS 
(1) Comparison of our data with those in [3,5] re- 
veals a striking difference in K,-values, up to l-2 
orders of magnitude. We attribute this discrepancy 
to differences in both medium conditions used and 
methods by which ribosomes were isolated and pu- 
rified. In particular, the @ and Kt values strongly 
depend not only on [Mg2+], but also on the con- 
centration of monovalent cations, temperature and 
pH (in preparation). It is essential also to take into 
account the fraction of active tRNA. It is often 
< loo%, and a disregard of this defect can lead, in 
some cases, to a significant underestimation of the 
affinity constants. 
(2) Several groups have found, by using different 
approaches, that 70 S ribosome does contain a 
third site, which is physically distinct from the D 
and A sites and specific for deacylated tRNA only 
[5,14-161. It was of great interest to test our ribo- 
somes for simultaneous binding of 3 deacylated 
tRNAPhe molecules, and a positive result was ob- 
tained. It is likely, therefore, that a real relative 
stoichiometry of the binding to the vacant 70 S l 
poly(U) complex is equal to 3:2:2 for tRNAphe, 
Phe-tRNAPhe and Ac-Phe-tRNAPhe, respectively. 
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